Isolated buffer-perfused rat hearts with pressure-overload hypertrophy develop a greater decrease in left ventricular (LV) diastolic extensibility and a greater impairment in extent of LV relaxation in response to hypoxia than do normal hearts. Using 31 P-NMR spectroscopy, we tested the hypothesis that the enhanced susceptibility of hypertrophied hearts to develop hypoxia-induced diastolic dysfunction is due to an accelerated rate of ATP and/or creatine phosphate depletion. Twelve minutes of hypoxia were imposed on isolated isovolumic (balloon-in-left-ventricle) buffer-perfused hearts from 14 rats with pressure-overload hypertrophy (LVH; LV/body wt ratio = 3-43 ± 17) secondary to hypertension induced by uninephrectomy plus deoxycorticosterone and salt treatment and from 17 age-matched controls (LV/body wt ratio = 2.22 ±0.12, p<0.001). Coronary artery flow per gram left ventricle was matched in the LVH and control groups during baseline oxygenated conditions and held constant thereafter. Balloon volume was held constant throughout the experiment so that an increase in LV end-diastolic pressure during hypoxia represented a decrease in LV diastolic distensibility. LV systolic pressure was 165 ± 9 mm Hg in the LVH group compared with 120 ± 5 mm Hg in the controls during baseline aerobic perfusion (p< 0.001). LV end-diastolic pressure rose significantly more in response to 12 minutes of hypoxia in the LVH group (12 ± 1 to 44 ± 10 mm Hg) than in the controls (12 ± 1 to 20 ±3 mm Hg, p=0.04). During baseline aerobic conditions, ATP content was the same in the LVH (17.1 ±0.5 jjimol/g dry LVwt, n = 4) and control (18.8±0.6 (imol/g dry LV wt, n = 4, p=NS) groups. During hypoxia, ATP declined at the same rate in the LVH and control groups (3.2 ±0.5 versus 3.0 ± 0.5%/min, p= NS) despite the greater rise in end-diastolic pressure in the LVH group. Creatine phosphate content during baseline aerobic perfusion was 14% lower in the LVH group compared with controls, but the rate of creatine phosphate depletion during 12 minutes of hypoxia was the same. During hypoxia, intracellular pH declined modestly and to the same degree in both groups. Thus, the greater susceptibility to hypoxia-induced diastolic dysfunction observed in isolated buffer-perfused hypertrophied rat hearts cannot be explained by an initially lower total ATP content or by an accelerated rate of decline of ATP or creatine phosphate. Alternatively, the greater impairment of diastolic distensibility during hypoxic stress in hypertrophied hearts may be related to inherent differences in intracellular calcium regulation. (Circulation Research 1988;62:766-775) 
W e have previously demonstrated that pressureoverload hypertrophy in the rat heart is associated with an enhanced susceptibility to the development of hypoxia*-induced diastolic dysfunction. 1 Isolated buffer perfused hearts from hypertensive rats with left ventricular hypertrophy developed a greater rise in isovolumic left ventricular (LV) end-diastolic pressure and a greater impairment in the extent of myocardial relaxation when perfused with hypoxic buffer than did hearts from age-matched nonhypertensive control rats. Impairment of diastolic relaxation in hearts subjected to hypoxia is hypothesized to be the result of diastolic Ca 2+ overload secondary to impaired ATP-dependent reuptake of cytosolic Ca 2+ by the sarcoplasmic reticulum. 2 " 6 Several factors could explain our observation that the hypertrophied heart is more susceptible to hypoxiainduced diastolic dysfunction. There is evidence that cytosolic calcium regulation may be inherently different in hypertrophied myocardium. Morgan and Morgan 7 and Gwathmey and Morgan, 8 using the aequorin technique to study intracellular Ca 2+ , have shown that the time course of the Ca 2+ transient is prolonged in association with a prolonged time course *In this paper, the term "hypoxia" refers to an abnormally low level of tissue oxygenation secondary to hypoxemic perfusion; the term "ischemia" refers to an abnormally low level of myocardial perfusion. of tension development and relaxation in cardiac muscle from patients with hypertrophic myopathy and from ferrets with pressure-overload hypertrophy. Studies of isolated sarcoplasmic reticulum from other models of experimental cardiac hypertrophy have shown a decreased rate and a total binding activity of calcium. 9 "" Thus, the hypertrophied heart, by virtue of intrinsically slower or incomplete Ca 2+ reuptake by the sarcoplasmic reticulum, may be more susceptible to diastolic Ca 2+ overload when ATP levels decline during hypoxia.
There are also several reasons why ATP depletion in response to hypoxia might be accelerated in hypertrophied hearts. Several investigators have reported that the baseline ATP content is reduced in hearts with pressure-overload hypertrophy, 12 " 17 although others 18 " 21 have found this not to be the case. Increased myocardial work related to increased afterload might lead to an increased rate of ATP usage. It has also been argued that the hypertrophied heart is either ischemic at rest or more prone to the development of ischemia during stress. Capillary density has been reported to be reduced, 22 and many studies have shown that vasodilator reserve is impaired in hypertrophied hearts 23 " 28 so that the hypertrophied heart may be more susceptible to additional hypoxic stress. Bache and colleagues 29 have recently demonstrated subendocardial hypoperfusion during pacing tachycardia in dogs with pressureoverload hypertrophy and have correlated increased lactate production with an increase in LV diastolic pressure. Yonekura et al 30 have reported a shift from fatty acid to glucose metabolism in subendocardial tissue of rats with pressure-overload hypertrophy, suggesting a state of chronic or intermittent ischemia. Ingwall 3 ' and Ingwall and coworkers 32 demonstrated that both pressure-overload hypertrophy and chronic coronary artery disease are associated with an increase in myocardial Mb-creatine kinase isozyme content, suggesting a common factor of chronic ischemia. Thus, when exposed to an acute hypoxic stress, ATP levels in the hypertrophied heart may fall to critically low levels more rapidly, leading to earlier and more severe impairment of ATP-dependent Ca 2+ reuptake by the sarcoplasmic reticulum.
In this study, we tested the hypothesis that highenergy phosphate depletion is accelerated in hypertrophied hearts exposed to hypoxia and that this accounts for the. enhanced susceptibility to hypoxia-induced diastolic dysfunction. We used the technique of 3I P nuclear magnetic resonance (NMR) spectroscopy with simultaneous measurements of LV mechanical function to compare in vitro rates of ATP, creatine phosphate (CP), and intracellular pH decline during hypoxia in isolated buffer-perfused isovolumically contracting rat hearts with and without pressureoverload hypertrophy.
Materials and Methods

Hypertensive, Hypertrophied Rat Heart
Hypertensive (LVH) and age-matched control groups were prepared with 8-week-old Wistar Kyoto rats as previously described by Brecher and colleagues. 33 Rats randomized to the LVH group and half of the control group were uninephrectomized under ether anesthesia. The remainder of the control group did not undergo surgery. Beginning 1 week after surgery, the LVH group received deoxycorticosterone pivalate (Percorten, Ciba) subcutaneousry (1.5 mg/100 g body wt) twice weekly for a 7-8-week treatment period, and 1% saline was substituted for their drinking water. Control animals were maintained on the same diet as the LVH group but received neither drug nor saline. Weight and systolic blood pressure, measured by a standard tailcuff technique (Narco Bio Systems, Houston, Texas), were recorded weekly. The unanesthetized rat was maintained quietly at 35° C for 5-10 minutes in a specially constructed chamber 33 before blood pressure was recorded.
Isolated Buffer-Perfused Isovolumic Heart Preparation
The isolated isovolumic working rat heart preparation described in detail previously 34 was adapted for use in the NMR spectrometer. 35 Rats were anesthetized with 1 cc pentobarbital (15 mg/ml i.p.). The thorax was opened and the heart resected and immediately cooled in iced Krebs buffer. The heart was perfused by an aortic cannula delivering warmed, oxygenated, phosphate-free Krebs buffer by a constant-flow pump. An LV apical drain was inserted. LV pressure was monitored by the balloon-in-left-ventricle method described previously. 34 The pulmonary artery was transected to facilitate coronary venous drainage and to completely vent the right ventricle. Hearts were paced at 4.5 Hz with small platinum electrodes connected to a salt bridge made of agarose dissolved in supersaturated sodium chloride. The preparation was suspended in a 20-mm (o.d.) NMR tube, and the venous effluent was allowed to bathe the heart. The aortic and LV cannulae and a suction tube, which maintained a constant fluid level above the heart, were attached to extension tubes inside a warm water jacket to permit placement of the isolated heart inside the magnet. Temperature was maintained at 37° C.
The perfusate consisted of modified phosphate-free Krebs-Henseleit buffer (mM): NaCl 118, KC1 4.7, CaCl 1.75, Na-EDTA 0.5, MgSO 4 1.2, NaHCO 3 23, and glucose 11. The functional stability of isolated rat hearts perfused with phosphate-free Krebs buffer is comparable to that of hearts perfused with normal phosphate-containing Krebs buffer. 33 -36 For oxygenated perfusion, the buffer was gassed with 95% O 2 -5% CO 2 , which resulted in a Po 2 of approximately 450 mm Hg at the level of the aortic cannula. For the hypoxia intervention, the perfusate was gassed with 95% N 2 -5% CO 2 , which resulted in a Po 2 of approximately 20 mm Hg at the level of the aortic cannula. The pH of both solutions was 7.40-7.45.
In the LVH group, coronary flow was adjusted to produce an initial mean coronary perfusion pressure of 150 mm Hg under aerobic conditions, and flow was held constant at that level for the duration of the experiment. In the control group, coronary flow was adjusted to produce an initial coronary perfusion pressure of 100 mm Hg and held constant thereafter. These differing levels of initial perfusion pressure, based nn thp. riiffp.renr-P.S in in yiyo t2l!-Cuff S"Stc!iC blood pressure of each group, were chosen because previous studies had indicated that this approach would result in equivalent coronary flow per gram LV wet weight in the LVH and control groups. ' The LV balloon volume was adjusted to produce an initial end-diastolic pressure of 12 mm Hg, and this balloon volume was kept constant throughout the experiment. Changes in LV end-diastolic pressure at a constant LV balloon volume were used to assess changes in LV chamber distensibility. 37 " 39 The LV and aortic (coronary perfusion) pressures were measured on a Hewlett-Packard recorder with Statham P23Db pressure transducers. Coronary vascular resistance was calculated by dividing the mean coronary perfusion pressure by the coronary flow per gram LV wet weight.
Hypoxia Protocol
All hearts underwent an initial 30-minute control period of oxygenated perfusion. After at least 20 minutes of stable hemodynamic performance under aerobic conditions, the perfusate was switched to nitrogenated hypoxic buffer. NMR spectra (see below) were obtained at the end of the control period and every 2 minutes during a total of 12 minutes of hypoxia. LV and coronary perfusion pressures were recorded at the end of the control period and after each successive 2-minute period of hypoxia. At the end of the experiment, the hearts were removed from the perfusion apparatus; the atria, right ventricle, and great vessels were trimmed off, and the isolated left ventricle lightly blotted and weighed.
Measurement of Changes in High-Energy Phosphates and Intracellular pH by 31 P-NMR Spectroscopy
The 31 P-NMR spectra were obtained on a Nicolet NT-360 spectrometer operating at 145.75 MHz interfaced with a Nicolet 1280 computer. To homogenize the magnetic field, we used an 18-channel Oxford Instruments Shim Supply and maximized the signal intensity, thus minimizing the signal line width, from sodium in the heart and its perfusate. Spectra were obtained every 2 minutes by signal-averaging 52 scans obtained with a 45° pulse and 2.15-second delay. Myocardial ATP and CP contents were calculated by integrating the resonance area of the p-ATP and CP peaks with the Nicolet integration program. ATP and CP were expressed as a percentage of the prehypoxic aerobic baseline ATP resonance area for each heart. Intracellular pH was derived from the relation between intracellular pH and the position of the inorganic phosphate resonance. 40 
" 42
Biochemical Assay of ATP and Creatine Phosphate Contents
Myocardial ATP and CP contents of the LVH and control hearts during control aerobic conditions were assayed by standard enzymatic methods in a separate series of four control and four LVH hearts, which were prepared, isolated, and perfused as described above. At the end of a 30-minute control period of oxygenated psrrusicn, t.«s ueart vvus tnmrriCtj Oi atria auu H^UL ventricle, and, while still being perfused, the left ventricle was rapidly frozen with aluminum clamps (Wollenberger) that had been cooled to the temperature of liquid nitrogen. Frozen samples of LV myocardium were stored in liquid nitrogen until analysis. Tissue aliquots were divided and assayed for ATP and CP contents and for the wet/dry wt ratio. The frozen myocardial sample was rapidly weighed and pulverized in a mortar under liquid nitrogen. A portion of the frozen powder was weighed and subsequently dried at 37° C for 48 hours to determine the frozen/dry wt ratio; the remainder of the frozen pulverized specimen was ground with 0.6N perchloric acid and homogenized with a glass tissue homogenizer. The homogenate was centrifuged and neutralized with 5 M K 2 CO 3 . Aliquots of the neutralized homogenate were then analyzed for ATP by the methods of Bucher 43 as modified by Adams, 44 using preweighed reagent vials (model 336 UV, Sigma Chemical, St. Louis, Missouri). The CP was measured by adding an excess of creatine kinase to the ATP assay reaction mixture after the ATP assay reaction had come to completion, as reported by Altschuld et al. 45 Tissue high-energy phosphate is expressed as micromoles per gram dry weight.
Statistics
All data are expressed as a mean±SEM. Hemodynamic data and baseline ATP and CP contents were compared with the Student's unpaired t test, except where otherwise indicated.
The rates of ATP and CP depletion during hypoxia in the LVH and control groups were compared by fitting the ATP and the natural log of the CP values obtained for each heart during the 12-minute hypoxic period to a linear regression equation. The values of the slopes of the individual regression equations for the LVH and control groups were then compared by Student's unpaired t test.
Results
Baseline characteristics of the 14 LVH and 17 control rats are presented in Table 1 . The in vivo systolic arterial pressure measured by the tail-cuff method after 7-8 weeks of deoxycorticosterone-salt treatment was 180 ± 6 mm Hg in the LVH gToup and 104 ± 9 mm Hg in the untreated, age-matched controls (p<0.001). This degree of hypertension resulted in a 24% increase in LV wet weight in the LVH group (1.13 ± 0.05 versus 0.91 ± 0.03 g in the control group, p = 0.001). Because body weight was smaller in the LVH group (0.34 ±0.02 versus 0.42 ±0.02 kg in the control group,/? = 0.001), the LV/body wt ratio in the LVH group was increased by 55% above control (3.43±0.17 LVH versus 2.22±0.12 control, p< 0.001). There were no differences in baseline characteristics between the nephrectomized and non- nephrectomized control hearts. Mean coronary flow per gram LV wet weight was27.3±1.8 ml/min/g in the LVH group with mean coronary artery perfusion pressure adjusted to 149 ± 1 mm Hg. This was not significantly different from the mean coronary flow rate in the control group (30.0 ±1.7 ml/min/g), in which initial mean coronary artery perfusion pressure had been adjusted to 98 ± 2 mm Hg. Coronary resistance was higher in the LVH group than in the controls [5.80 + 0.41 versus 3.42±0.18 mm Hg/(ml/min/g LV),/?< 0.001].
The LV performance characteristics during control aerobic conditions are listed in Table 2 . At the same initial LV end-diastolic pressures (12 ± 1 in LVH versus 12 ± 1 mm Hg in controls), LV systolic pressure in the LVH group was significantly higher than in the control group (165 ±9 versus 120 ±5 mm Hg, p<0.001), as was developed pressure (153±9 versus 108 ± 5,p < 0.001). However, when normalized for LV mass, neither LV systolic pressure (133 ± 6 mm Hg/g LV in controls versus 152 ± 14 mm Hg/g LV in LVH) nor LV developed pressure (120 ± 6 mm Hg/g LV in controls versus 140 ± 14 mm Hg in LVH) were significantly different. Figure 1 shows the changes in LV systolic and end-diastolic pressures during 12 minutes of hypoxia. The LV systolic pressure fell promptly in both groups in response to hypoxia; at the end of the 12-minute Changes in left ventricular (LV) systolic and diastolic pressure during hypoxia. LV pressure data from isolated buffer-perfused rat hearts with pressure-overload hypertrophy (LVH) and their age-matched controls. Perfusion pressure was adjusted to provide equivalent coronary flow rates per gram left ventricle (see text). LV systolic pressure (upper panel) was significantly higher in the LVH group than in the controls during baseline aerobic conditions, although LV systolic pressure normalized for LV mass was not different (see text and Table 2 ). LV systolic pressure fell within 2 minutes of hypoxia in both groups and was not significantly different during 12 minutes of hypoxia. However, LV end-diastolic pressure (lower panel) rose significantly more in the LVH group than in the controls during hypoxia. These results suggest that, under conditions of comparable coronary artery flow and myocardial work, rats with pressure-overload hypertrophy develop a greater degree of diastolic dysfunction than do control hearts in response to identical hypoxic stress. hypoxic period, there was no significant difference between the LVH and control groups. However, LV end-diastolic pressure increased significantly more in the LVH group compared with control: after 12 minutes of hypoxia, LV end-diastolic pressure was 44.3 ± 9.8 mm Hg in the LVH group compared with 19.8 ±2.7 mm Hg in controls {p = 0.043). To consider the hypoxia-induced increase in pressure development per unit LV mass, we normalized the increase in LV end-diastolic pressure for LV wet weight. Figure 2 shows the increase in LV diastolic pressure during hypoxia divided by LV wet weight in the LVH and control hearts. After 12 minutes of hypoxia, LV diastolic pressure per gram LV weight was 28.7 ± 8.6 mm Hg in the LVH group compared with 11.6 ±3.5 mm Hg in the controls (p = 0.045).
Coronary perfusion pressure fell slightly in both groups after 12 minutes of hypoxia (148.9 ±1.3 to 143.5 ±8.7 mm Hg in LVH, 98.1 ± 1.7 to 92.5 ±6.0 mm Hg in controls), indicating minimal coronary vasodilation; there was a correspondingly small (not statistically significant) decrease in coronary vascular resistance in each group. To test the hypothesis that LV diastolic pressure during hypoxia was higher in the pressure-overload hypertrophy (LVH) group than in controls (see Figure 1 ) because of qualitative alteration of the myocardium and not simply because there were more myocardial force-generating units, we divided the increase in LV diastolic pressure in each heart by the LV wet weight.' The increase in LV diastolic pressure normalized for LV mass was significantly greater in the LVH group compared with controls (by one-tailed t test).
The ATP and CP contents of LVH and control hearts during baseline aerobic conditions are shown in Table  3 . These data were obtained from a separate group of four LVH (tail-cuff blood pressure = 184 ± 7 mm Hg) and four control (tail-cuff blood pressure = 116 ±7 mm Hg) rat hearts perfused with oxygenated phosphate-free Krebs in the same fashion as the experimental hearts subjected to hypoxia, that is, coronary artery perfusion pressure equal to 150 mm Hg in the LVH group and 100 mm Hg in the control group. The baseline ATP content was the same in the LVH and control groups (17.1 ± 0.46 versus 18.8 ± 0.59 jimol/g dry wt,/? = NS.) The baseline CP content was slightly lower (14%) in the LVH group (23.4 ± 0.3 (xmol/g dry wt) than in the control group (27.3 ±0.7 p,mol/g dry wt, p = 0.002). Wet/dry wt ratios of LV tissue obtained by freeze-clamping the left ventricle during baselineperfusion conditions were the same for each group. Figure 3 shows representative 31 P-NMR spectra from a control heart during aerobic perfusion (upper panel) and after 12 minutes of hypoxic perfusion (lower panel). Figure 4 shows a plot of the decline in mean ATP and CP values during 12 minutes of hypoxia as determined by 3J P-NMR spectroscopy; ATP and CP are expressed as a percentage of the baseline value of ATP for each heart. Linear regression equations relating mean ATP levels and mean CP levels (expressed as the natural log) to duration of hypoxia are shown in Figure  5 . The mean value of the slopes determined for the individual linear regression equations for ATP versus duration of hypoxia was calculated for the LVH and control hearts. The mean of the slopes for the LVH hearts (-3.2±0.5%/min) was not different from the mean of the slopes for the control hearts ( -3 . 0 ± 0.5%/min,p = NS). Similarly, the mean of the slopes for the individual regression equations of In CP versus duration of hypoxia in the LVH hearts was the same as that of the control hearts. Thus, there was no significant difference in rate of depletion of ATP or CP between the LVH and control groups. Intracellular pH decreased minimally during hypoxemia and to an equivalent degree in the LVH and control groups ( Figure 6 ).
Discussion
We tested the hypothesis that the enhanced susceptibility of hypertrophied myocardium to develop decreased diastolic chamber distensibility during hypox- the integrated areas are proportional to the intracellular concentrations of the respective 3I P compounds." Both A TP and CP values for each heart were expressed as a percentage of the prehypoxic A TP value for that heart. There was no significant difference in the mean ATP levels of the pressure-overload hypertrophy (LVH) and control hearts during 12 minutes of hypoxia. The baseline CP levels were 14% lower in the LVH hearts than in the controls (p = 0.015). However, the rate of decline of CP depletion (see Figure 5 ) was the same in both groups.
ia is associated with a more rapid rate of high-energy phosphate depletion. However, we found no difference in the rate of ATP or CP depletion between LVH and control hearts during 12 minutes of hypoxia despite a much greater rise in isovolumic LV end-diastolic pressure in the LVH group (Figures 1, 2, and 5) .
We have previously shown that an increase in isovolumic LV end-diastolic pressure in the isolated rabbit or rat heart preparation correlates well with a decrease in diastolic chamber distensibility, that is, with a leftward shift in the diastolic pressure-volume relation measured in the same heart. 37 In the present study, rapid changes in diastolic and systolic pressures during hypoxia precluded the generation of pressurevolume curves, so we kept LV balloon volume constant for each heart and regarded changes in LV enddiastolic pressure at constant volume as indicative of changes in diastolic chamber distensibility as previously reported. XJ9 There are a number of potential explanations for the greater increase in isovolumic LV end-diastolic pressure in response to hypoxia in the hypertrophied heart: 1) Role of increased myocardial mass. We tested the hypothesis that the greater increase in isovolumic LV end-diastolic pressure in the LVH group could simply reflect the presence of more myocardial units having an additive effect on total LV diastolic pressure. 4 * When normalized for LV wet weight, the increase in LV end-diastolic pressure was significantly greater in the LVH than in the control group (Figure 2) . This confirmed the observation made in our previous study, in which the increase in LV end-diastolic pressure normalized for LV mass was also significantly greater in the LVH group (22.0 ± 5 mm Hg/g LV) compared with controls (14±6 mm Hg/g LV, p<0.005).' The same observation was made by Weinberg and colleagues 47 in a group of similarly prepared hypertensive rats (58% increase in LV/body wt ratio) subjected to 30 minutes of hypoxia. Thus, the data from the present study, corroborated by previous studies, suggest that the greater rise in isovolumic LV enddiastolic pressure in response to hypoxia in rats with moderate pressure-overload LVH (>50% increase in LV/body wt ratio) is not simply a function of a greater number of myocardial units exerting similar diastolic tension per unit.
2) Role of coronary vascular turgor. A second major factor contributing to reduced diastolic distensibility in this model could be the effect of coronary vascular turgor, that is, the increase in distending pressure within the coronary vascular network. 48 Pressure and volume within the coronary vasculature influence diastolic distensibility in the isolated buffer-perfused heart preparation. 4 *" 51 Coronarv perfiisinn pressure was deliberately set at a higher level in the LVH group to provide all hearts with an equivalent coronary flow rate per gram left ventricle. This was a critically important factor in this study because we wished to compare LVH and control hearts subjected to an equivalent hypoxic stress. Thus, we wished to minimize the possibility that a reduced myocardial perfusion rate, producing relative subendocardial ischemia in the LVH group, might influence the response to hypoxia. However, since this meant that coronary perfusion pressure was higher in the LVH group during the entire experiment, we cannot exclude some contribution of enhanced coronary vascular turgor to the greater decrease in diastolic distensibility observed during hypoxia in the LVH hearts. However, the fact that equal wet/dry wt ratios (Table 3) were obtained from LVH and control hearts freezeclamped during baseline perfusion conditions, that is, with coronary perfusion pressure equal to 150 mm Hg in the LVH group and 100 mm Hg in the control group (6.55 ± 0.17 for the LVH group versus 6.57 ± 0.10 for the controls,/? = NS), argues against a major difference in turgor effect in the two groups.
3) Role of dietary salt. It is possible that a high salt diet may have contributed directly to the greater degree of hypoxia-induced distensibility changes we observed in the LVH group, although salt loading alone in normal rats does not induce hypertension. We did not give the uninephrectomized control rats salt because such animals do develop hypertension and, thus, would not be normotensive controls; we wished to maximize the difference in blood pressure between the LVH and control groups. The absence of any significant difference in wet/dry wt ratios between the two groups argues against a major contribution of interstitial edema to the changes observed in the LVH group. However, we cannot exclude the possibility of some direct effect of salt loading on LV function. 4) Role of external restraining factors. In the isolated isovolumic heart model in which the right ventricle is vented and the pericardium removed, the effects of pericardial restraint and right and left ventricular interaction as well as impedance changes during ejection and viscoelastic changes during early diastolic filling need not be considered. 5) Role of increased load. During aerobic conditions, diastolic relaxation of cardiac muscle is controlled by the interdependent effects of load, force inactivation, and spatial or temporal nonuniformity of the distribution of load and inactivation. 5254 Nonuniformity is unlikely to be relevant in the model subjected to global hypoxia.
We could not directly assess the contribution of excessive load on altered LV diastolic relaxation in these experiments as we could not precisely measure wall stress. However, using LV systolic and enddiastolic pressure normalized for LV mass as an estimate of wall tension per unit myocardium, 1 there were no differences between the LVH and control groups in estimated systolic or diastolic wall stresses under baseline aerobic conditions ( Table 2) . Furthermore, dm ing hypoxia, Chuck and coworkers 55 have shown that impaired diastolic relaxation in isolated heart muscle becomes load-independent and is primarily a function of force inactivation, that is, those processes that regulate myocardial cross-bridge detachment. Therefore, the greater increase in LV enddiastolic pressure in the LVH group during hypoxia cannot be explained by differences in loading conditions relative to the control group. 6) Force inactivation. Force inactivation, that is, cross-bridge detachment, is regulated by ATP and Ca 2+ , factors that are themselves interrelated because cytosolic Ca 2+ metabolism is to a large extent regulated by ATP-dependent pumps at the sarcoplasmic reticulum and sarcolemmal membranes. Cross-bridge detachment is also modulated by intracellular pH, which affects ATPase activity 56 -37 and which directly influences Ca 2+ -activated tension development. 58 " 62 It is currently not possible to directly measure subcellular Ca 2+ movement in isolated whole-heart models performing at physiological workloads. However, 31 P-NMR spectroscopy can provide serial in vivo quantitative measures of high-energy phosphate levels and intracellular pH.
ATP Content of Hypertrophied and Control Hearts
Smith and colleagues 63 have pointed out that a small reduction in ATP content associated with pressureoverload hypertrophy would not be likely to influence the high-affinity ATP binding sites on the sarcoplasmic reticulum. However, high concentrations of ATP exert a regulatory effect that accelerates Ca 2+ transport by the sarcoplasmic reticulum 64 so that small decreases in ATP could diminish Ca 2+ reuptake. Katz 65 has also described a "plasticizing" effect of ATP on the contractile proteins, which is seen at ATP concentrations higher than those required to saturate the myosin ATPase enzyme. Thus, a modest reduction in baseline ATP content could contribute to diminished diastolic distensibility during hypoxia.
Studies by others have yielded conflicting data regarding the baseline ATP content of hearts with pressure-overload hypertrophy. Hochrein and Doring 12 and Feinstein 13 reported reduced ATP levels in guinea pigs with LV hypertrophy secondary to aortic banding; Attarian and colleagues 14 demonstrated a reduction in ATP and CP content confined to the subendocardial layers of hearts from dogs with subcoronary aortic stenosis; Sink and colleagues 15 correlated reduced ATP levels with diminished time to development of ischemic contracture in isolated perfused rat hearts with hypertrophy secondary to aortic banding. In two studies, biopsies obtained during cardiopulmonary bypass from patients with LV hypertrophy have shown reduced subendocardial ATP and CP levels compared with biopsies from patients undergoing surgery for "nonhypertrophic" formsof cardiacdisease. IM7 However, in these studies, coronary flow per gram left ventricle was not constant and high-energy phosphate levels may have been decreased in the LVH groups secondary to relative ischemia related to the experimental conditions. A number of other studies have reported no differences in ATP content between well-oxygenated hypertrophied and nonhypertrophied hearts. 1 *" 21 The primary finding of the present study was that, under preset conditions of equivalent coronary flow per gram left ventricle, we did not detect any significant difference in total ATP content during baseline aerobic conditions between the LVH and control groups ( Table  3 ). We did observe that the baseline CP level was slightly lower in the LVH group compared with controls (Table 3) , an observation also reported by others. 18 -21 However, we could not demonstrate any differences between the LVH and control groups in the rate of decline of either ATP or CP during hypoxia (Figures 4 and 5) . These results suggest that factors other than an enhanced rate of high-energy phosphate depletion, such as altered Ca 2+ regulation, are responsible for the greater impairment in diastolic distensibility induced by hypoxia in the hypertrophied heart. However, several limitations in our analyses of ATP must be considered.
Changes in ATP Confined to the Subendocardium
It could be argued that differences between LVH and control hearts in baseline high-energy phosphate content were confined to the subendocardium and that these differences were sufficient to contribute to altered relaxation during hypoxia but not sufficient to affect whole-heart ATP levels as we measured them. There are several lines of indirect evidence to suggest that important structural and metabolic abnormalities that might affect baseline ATP levels and susceptibility to hypoxic stress are confined to or are more prominent in the subendocardium of the hypertrophied heart. Wall stress is highest near the subendocardial layer and decreases toward the epicardium. 66 Indirect evidence for subendocardial ischemia has been inferred from the studies of Henquell and colleagues, 22 who demonstrated an increase in intercapillary distance in hypertrophied rat hearts with renovascular hypertension sufficient to cause anoxic foci in the subendocardium. Studies by Yonekura and colleagues, 30 demonstrating a shift from fatty acid to glucose metabolism in the subendocardial layers of rat hearts with pressureoverload hypertrophy, suggest a state of chronic or intermittent subendocardial ischemia that might lead to an enhanced susceptibility of the hypertrophied myocardium to additional hypoxic stress.
Several studies have shown reduced rates of endocardial to epicardial blood flow at rest in hypertrophied canine hearts, 14>67 ' 68 although the majority, and specifically those looking at rat models of hypertrophy, report normal distribution of transmural myocardial blood flow at rest. 27 -29 '"- 73 In this study, we specifically attempted to equalize global myocardial perfusion in the LVH and control groups to compare the response of the normal and hypertrophied myocardium to the same degree of hypoxic stress. The techniques we used did not allow us to analyze high-energy phosphates of myocardial blood flow in separate myocardial layers; however, the enhanced systolic performance of the LVH gTOup in vivo and during baseline aerobic perfusion point against the argument that the greater rise in isovolumic end-diastolic pressure in the LVH group during hypoxia was related to significant subendocardial ischemia at baseline. Furthermore, it seems unlikely that changes in energy metabolism confined to the subendocardium sufficiently small to be undetected by our methods could have affected the large changes in global diastolic function that we observed. Even if our methods were inadequate to detect a small baseline difference in high-energy content in the subendocardial layer, the observation that the rates of global ATP and CP decrease during hypoxia in the LVH and controls were identical ( Figure 5 ) suggests that the rates of high-energy phosphate usage are quite similar in hypertrophied and nonhypertrophied myocardium.
Subcellular ATP Compartmentation
There is evidence to support the existence of functional ATP compartments within the myocardial cell. Specifically, Nayler and colleagues 74 and others 75 "™ have suggested that a functionally isolated, small subcellular pool of ATP is primarily responsible for processes related to cross-bridge inactivation, that is, ATP-dependent Ca 2+ resequestration by the sarcoplasmic reticulum and ATP binding to the Ca 2+ actin-myosin complex. Thus, it is possible that differences between LVH and control hearts in a small, but critical, ATP pool that regulates relaxation may have been negated in our analysis of total myocardial ATP levels.
Role of Altered Ca 2+ Regulation
The absence of any measurable difference in highenergy phosphate metabolism between the LVH and control groups suggests that the enhanced susceptibility of the hypertrophied heart to hypoxia-induced impairment of diastolic relaxation may be related to alterations in cytosolic calcium regulation associated with cardiac hypertrophy as suggested by Morgan and Morgan 7 and Gwathmey and Morgan. 8 Studies of isolated sarcoplasmic reticulum from other models of cardiac hypertrophy have shown that the rate of and total binding of Ca 2+ are decreased.*" 11 Since hypoxiainduced impaired relaxation appears to be related to diastolic Ca 2+ overload, 2 " 6 the hypertrophied heart, by virtue of inherent differences in calcium regulation that result in a slowed or diminished capacity to resequester Ca 2+ , may be more vulnerable to diastolic Ca 2+ overload induced by ATP depletion during hypoxia.
Testing of this hypothesis will require techniques that can directly measure changes in intracellular Ca 2+ compartments under physiological conditions in working hearts.
